ABSTRACT The spectral sensitivity of the compound eye in three gypsy moth species from six different geographical regions (Lymantria dispar asiatica Vnukovskij [Asian gypsy moth], Lymantria dispar japonica Motschulsky [Japanese gypsy moth], and Lymantria dispar dispar L. [North American gypsy moth]) was tested electrophysiologically in the wavelength region 300 Ð700 nm. For all moths examined, a maximum response occurred in the 480 Ð520-nm range (blue-green region) with a shoulder peak occurring at 460 nm. A smaller, secondary peak was observed for both sexes at the 340 Ð380-nm range, which is in the region considered behaviorally maximal in night-ßying insects. No peaks in sensitivity were observed between 520 and 700 nm (red region) for any of the moths tested. Based on our retinal recording data, a short wavelength blocking Þlter with a transition wavelength near 500 nm should reduce gypsy moth attraction to artiÞcial lighting sources. This would help reduce the number of Lymantria-infested ships traveling to and from foreign ports.
The gypsy moth (Lymantria dispar L.) is one of the most devastating pests of deciduous forests of the United States. L. dispar feed on Ͼ500 species of plants, primarily broad-leafed trees, ornamental shrubs, and especially oaks (Campbell and Schlarbaum 1994) . Adult females of the invasive European gypsy moth are not capable of ßight, but since its accidental release in Medford, MA, in 1868 or 1869, L. dispar has spread to occupy most of the hardwood forests in the eastern United States. It has spread west to Minnesota and north and east to Nova Scotia and New Brunswick, Canada (Pogue and Schaefer 2007) . Isolated populations have occurred in other states, but have been eradicated by an intense and systematic pheromone trapping and spraying program. Each year ϷUS$12 million is spent on gypsy moth control (Campbell and Schlarbaum 1994, Pimentel et al. 2005) .
The Asian varieties of gypsy moth, known as "Asian gypsy moth," pose an even greater risk to native forests because unlike the European variety, the Asian gypsy moth females are active ßiers (up to 100 km; Rozkhov and Vasilyeva 1982) . The Asian gypsy moth is deÞned by the U.S. Department of Agriculture (USDA) as "any biotype of Lymantria dispar (sensu lato) possessing female ßight capability" (Pogue and Schaefer 2007) . Flight ability and a broader range of hosts, including conifers Sukachev 1989, Turova 1992) , give Asian gypsy moth the potential to establish and spread more quickly across North America (USDA 2003) . Since 1991, repeated incursions into North America have been documented (Pogue and Schaefer 2007) . These incursions are most often the result of gravid females attracted to lights at Asian ports where females deposit eggs on cargo and ships. The ships then unload their cargo at North American ports, such as Tacoma (WA), Portland (OR), and Vancouver (BC), where the neonates hatch and disperse (Wallner et al. 1995) . Cost of controlling these incursions by state and federal emergency suppression efforts has been estimated in millions of dollars (Wallner et al. 1995, Pogue and Schaefer 2007) .
Visual orientation has been found to be a component of male sexual behavior in gypsy moths Cardé 1990, Willis et al. 1994 ). The visual capabilities of Lymantria, particularly the Asian varieties, may be under evolutionary pressure, and therefore may have subtle differences between sexes and populations. Although previous studies have shown Lymantria attraction to light sources, most studies have focused on the daily activity rhythms that may inßu-ence ßight and male mating behavior (Wallner et al. 1995 , Charlton et al. 1999 . Understanding the visual receptor sensitivity of an insect allows for the evaluation of the stimuli that evoke a behavioral response (Mazokhin-Porshnyakov 1969, Brown and Cameron 1977) . The simplest way to determine the spectral responses of an insect visual receptor system is to record the combined responses of several receptors using an electroretinogram (ERG). This information allows for the delimitation of the detectable range of colors to the insect being studied (Steiner et al. 1987) and leads to the possible evaluation of stimuli that might evoke a behavioral response.
ERG recordings offer a good method of comparing spectral sensitivity curves of many closely related insect species (Eguchi et al. 1982) . ERG-determined peaks have been shown to correspond to speciÞc spectral cell types (Autrum and von Zwehl 1964 , Goldsmith and Fernandez 1968 , Nosaki 1969 , Laughlin et al. 1980 . By studying the receptor sensitivity of the visual system, it is possible to evaluate the available stimuli that might evoke a behavioral response (Brown and Cameron 1977) . For invasive insect pests such as the emerald ash borer, Agrilus planipennis Fairmaire, information gained from ERG recordings has proven particularly useful in the development of an effective, colored monitoring trap (Crook et al. 2009 ).
The aim of this research was to survey the spectral responsiveness of males and females in several populations of L. dispar using electrophysiological methods (ERG) and compare the results with reported behavioral responses. Based on those Þndings it is hoped that recommendations and modiÞcations to lighting in ports and on ships could be made to help reduce the risk of further incursions into other countries.
Materials and Methods
Insects. Moths were laboratory-reared from egg masses that had been Þeld collected and subsequently colonized from multiple Asiatic regions. Moths were reared in quarantine at the USDA insect containment facility at Otis Air National Guard Base, Buzzards Bay, MA.
Chinese North American (North American gypsy moth) L. dispar dispar were obtained from an Otis laboratory colony of North American gypsy moth (Ͼ60 generations).
All gypsy moth strains were reared on a wheat-germ diet developed by Bell et al. (1981) and held in a quarantine walk-in chamber within the Otis facility. The chamber was maintained at 21Ð23ЊC, 65% relative humidity, and a photoperiod of 16:8 (L:D) h. Larvae hatching from eggs were placed directly on diet and left in 6-oz plastic cups (Sweetheart Cup Company Inc., Owings Mills, MD) until pupae developed. Pupae were sexed and separated into individual cups. Neonate to adult emergence occurred within Ϸ40Ð45 d. Adults used for recording experiments were 1Ð2 d old.
ERG Recordings. The ERG system used in this study (similar to that described by Crook et al. (2009) ) consisted of a lamp that delivered light stimuli to the compound eye of a moth via a monochromator, liquid light guide cable, and focusing lens. The entire system described below was purchased from Photon Technology International, Birmingham, NJ. The light source was a 75-W Xenon short arc lamp in a housing unit (model A-1010-B), connected to a tunable high intensity illuminator (model L-201) . This was powered by a power supply (model 220B) and an igniter (model LPS 221). Monochromatic light output between 300 and 700 nm was obtained by passing light from the lamp through a monochromator (model 101) with 1,200 lines per millimeter and 300 nm grating. Light settings for the monochromator were controlled by a controller-shutter system (model MD-1000) connected to a desktop computer running MoCo (version 1.1, Windows 2000/XP, Photon Technology International, Birmingham, NJ). The monochromator bilateral slit was set to a 1.25 mm open setting (giving a 5 nm reciprocal dispersion). Selected wavelengths of light passed from the monochromator into a liquid light guide, terminating in a symmetric-convex lens (precision Þgured for 1:1 imaging) that focused a columnar 0.5-cm-wide beam directly onto the mothÕs eye preparation at a distance of 5 cm.
Preparation for ERG involved removing the insect head from the thorax. Antennae and palps were removed from the head along with any obstructing scales. An insect pin (size 000) was used to make a small hole on the dorsal surface of the head, directly between the compound eyes. The head was then attached to recording electrodes of an EAG probe (Syntech, Hilversum, The Netherlands) using conductive gel (Spectra 360, Parker Laboratories, FairÞeld, NJ). The recording probe tip was connected to the punctured opening, while the indifferent (ground) probe was attached Þrmly to the base of the cut head. Moth "head probe" preparations were connected to an IDACC-232 serial data acquisition controller (Syntech). Signals and recordings were stored and analyzed on a desktop computer equipped with EAG software (Syntech 2004, version 2.6 ).
Ten individuals of each sex and each population were allowed to adapt to total darkness for Ն10 min before a spectral sensitivity run commenced. Insects remained in total darkness between stimulations and were held behind a black-out screen to prevent any external light sources into the room so as to minimize interference. Stimulating ßashes lasted 1 s. The time interval between ßash stimulations was 90 s to allow full recovery of the recording baseline. Two sets of ßash stimulation runs were performed for each sex of each moth population tested. Insects were stimulated using light wavelengths between 300 and 700 nm in 10 nm increments, presented randomly. A 360-nm reference wavelength was ßashed onto the moth preparation after four stimulations to maintain normalization assumptions. This allowed for the possible reduction (or in some cases, improvement) in responses over time as the insect receptors decayed.
In a second test, insects were randomly stimulated with light wavelengths between 300 and 420 nm in 5 nm increments. A 600-nm reference wavelength was ßashed onto the moth preparation after four random stimulations (for data normalization).
Data Analysis. Percentage wavelength responses were arcsine-transformed before analysis to conform to the assumptions of analysis of variance (ANOVA) using JMP 9.0 (SAS Institute 2010, SAS Institute, Cary, NC). ANOVA was performed using the following main effects on the optical response: light wavelength, origin of the population, sex and their interaction effects. Analyses that found no signiÞcant interactions (P Ͼ 0.10) were dropped from the model and pooled into the error term. TukeyÕs honest signiÞ-cant difference (HSD) mean separation test was used to determine signiÞcant differences between interacting means.
Results
Spectral sensitivity curves for males and females of all six moth varieties recorded between 300 Ð700 nm are shown in Fig. 1 . Spectral light wavelength, population origin, and sex of the moth all signiÞcantly affected the compound eyeÕs response and there were both signiÞcant two-way and three-way interactions (Table 1) . A single curve, based on the C wave amplitude of the ERG response, is presented in Fig. 2 . Maximum response of the gypsy moth compound eye occurred in the 480 Ð520-nm range (blue-green region) with a shoulder peak occurring at 460 nm (Fig.  2) . No peaks in sensitivity were observed between 520 and 700 nm for any of the moths tested. However, a smaller, secondary peak was observed for both sexes at the 340 Ð380-nm range (Fig. 2) , which is in the region considered behaviorally maximal in night-ßy-ing insects (Mikkola 1972) . Spectral sensitivities for all six moth varieties (male and female) recorded between 300 Ð 420 nm are shown in Figs. 3 and 4. There were no signiÞcant interactions between wavelength and sex or origin; therefore, the terms were removed from the model and pooled into the error term. Although the overall response to wavelength varied signiÞcantly in the 300 Ð 420-nm range (F ϭ 72.8766; df ϭ 24, 3256; P Ͻ 0.001; Table 1 ), across subspecies, female mean response to light wavelength was consistently higher than male response (F ϭ 2.6971; df ϭ 1, 3256; P Ͻ 0.0001), with the largest differences between means occurring at 345 nm (5.80727 Ϯ 0.04042 SE females; 5.68763 Ϯ 0.03375 SE males) and 355 nm (5.82442 Ϯ 0.04042 SE females; 5.72445 Ϯ 0.03375 SE males). Across sexes, the North American laboratory population had the highest response and the Russian central population tended to have the lowest response, with the largest differences between means occurring at 375 nm (206.778 Ϯ 10.862 SE laboratory; 145.727 Ϯ 5.0913 SE Russian central) and 395 nm (207.037 Ϯ 10.862 SE laboratory; 143.909 Ϯ 5.0913 SE Russian central). For female moth recordings between 300 Ð 420 nm, Japanese (Japanese gypsy moth) L. dispar japonica had signiÞcantly higher responses than the Þve other female moth species tested (Fig. 4) . Female Japanese (L. dispar japonica), Chinese (L. dispar asiatica), and Korean (L. dispar asiatica) moths all gave signiÞcantly higher responses (between 300 Ð 420 nm) than the two Russian (L. dispar asiatica) female moth species. For recordings made on male moths between 300 Ð 420 nm, North American (North American gypsy moth) L. dispar dispar had signiÞcantly higher responses than the Þve other male moth strains tested (Fig. 4) .
The absolute size of the ERG response varied in different preparations. The ERG responses for males and females of each of the moth strains are shown in Table 2 . All moth responses had a general increase in sensitivity from 300 nm up to 350 nm. Responses peaked and plateaued between 350 nm and 400 nm.
Discussion
There have been numerous electrophysiological, microspectrophotomerical, and biochemical studies conducted in the last century on insect vision systems. Lepidoptera have a color vision system in which three or four types of spectral receptors cover the wavelength region from the ultraviolet (UV) to Ϸ700 nm, irrespective of whether they were diurnal or nocturnal (Hö glund and Struwe 1970, Eguchi et al. 1982) . The response curves we observed are very similar to a study done on L. dispar by Brown and Cameron (1977) . They reported ERG responses that had low sensitivity in the UV region, higher sensitivity from 480 to 590 nm and essentially no sensitivity in the red region. They also examined the visual screening pigments of male gypsy moths and found them to have low absorption in the UV and red regions and high absorption from 400 to 600 nm.
Other ERG studies on Lepidoptera usually show a maximum response in the blue-green to yellow range of the spectrum (490 Ð570 nm). However, the behavioral maximum normally occurs within the UV range (340 Ð380 nm; Mikkola 1972 , Eguchi et al. 1982 despite the response to the UV range usually being 4 Ð5 times less sensitive (Mazokhin-Porshnyakov 1969 , Mikkola 1972 ). Our results indicated that there was a third "shoulder" peak occurring at 460 nm, which is identical to the response reported by Eguchi et al. (1982) in a study that examined 35 species of Lepidoptera. This maximum at 460 nm (blue) may represent an independent color receptor tuned to the maximum spectral component of light from blue sky (Eguchi et al. 1982) .
Lymantria have a typical superposition eye (Brown 1974) . This type of eye design allows for as many as 2,000 lenses to collect light for a single photoreceptor . All six Lymantria studied exhibited the same wavelength speciÞc peaks between 300 Ð700 nm indicative of trichromatic color vision systems. Wallner et al. (1995) suggested that even though Lymantriidae are generally nocturnal, L. dispar may have bimodal spectral sensitivity, activity, and pheromone response rhythms. Color vision in arthropods is mostly trichromatic, that is, using equidistant receptor peaks for a multipurpose vision system (Barlow 1982 , Vorobyev 1997 , Kelber 2006 .
The most common type of trichromacy in arthropods uses UV receptors stimulated with wavebands of light Х 350 nm, blue receptors sensitive to Х 450 Ð 480 nm, and green receptors with maximally sensitive to Х 500 Ð550 nm (Kevan and Backhaus 1998) . This trichromatic color vision system is found in bivalves, isopods, some spiders, and crustaceans along with many insects that include Orthoptera (Gryllus bimaculatus De Geer), Coleoptera (Notonecta glauca L., Coccinella sp., Dineutes ciliatus Forsberg), Hymenoptera (Melipona quadrifasciata [Lepeletier] , Apis mellifera L., Osmia rufa L.), as well as Lepidoptera (especially nocturnal moths and some butterßies [see Eguchi et al. 1982 for review]) (Kelber 2006) . Nocturnal animals tend to have fewer receptor types. For example, night-ßying hawkmoths have three receptor types compared with diurnal butterßies that have Þve. At starlight intensities to which the human eye would be color blind, the nocturnal hawkmoth, Deilephila elpenor L., is still able to use chromatic signals (Johnsen et al. 2006) . Their crepuscular vision appears to be more complex than simply pooling signals from their three spectral channels. The photoreceptors of a single ommatidium apparently absorb too few photons for reliable discrimination to occur. Spatial or temporal summation must improve sensitivity enough to allow color vision to be possible between dusk and starlight (Kelber et al. 2002, Land and Osorio 2003) . The multiple pigment system shared by the six Lymantria subspecies may act to maximize photon capture across a broad wavelength range during dim light conditions, while at the same time allowing color perception in brighter light conditions (Eguchi et al. 1982) .
UV light traps are frequently used for collecting and sampling insects and are known to attract both male and female L. dispar (Brown and Cameron 1977 , Baranchikov and Sukachev 1989 , Turova 1992 , Wallner et al. 1995 . Marked gypsy moth females have been recaptured at UV lamps 3.5 km from their release site (Baranchikov and Sukachev 1989) . Introductions of the Asian strain of gypsy moth L. dispar into North America have previously occurred because of the attraction of gravid females to commercial lighting in Russian Far East ports (Anonymous 1992) . Egg masses were deposited on cargo and ships and subsequently transported to the Northern American ports of Ta- (Wallner et al. 1995) . Similar invasive incursions of lymantriid moths could be greatly reduced by modifying lights used in ports and onboard ships so that they are less attractive to gravid females. Wallner et al. (1995) examined attraction of three lymantriid species to ßuorescent blacklight, mercury vapor, and high-pressure sodium lamps in Russia. They also tested attraction to lamps that had been modiÞed with Þlters that eliminated light wavelengths Յ 480 nm. They found that L. dispar, Lymantria mathura Moore, and Lymantria monacha L. were attracted to all light sources tested (without Þlters). When light sources were covered with Þlters the hourly capture rate was signiÞcantly reduced for L. mathura and L. monacha. L. dispar hourly capture rates were signiÞcantly reduced for mercury vapor laps and somewhat reduced for high-pressure sodium lamps. Our retinogram data on lymantriid moths from different regions parallels Brown and CameronÕs (1977) ERG responses of L. dispar males, and thus supports the behavioral responses showed by Wallner et al. (1995) . A short wavelength blocking Þlter with a transition wavelength Х 500 nm should reduce attractancy to moths while providing adequate illumination for human activity (Wallner et al. 1995) . We support the recommendation made by Wallner et al. (1995) that lighting systems in Far East ports should be Þltered to help reduce the number of Lymantria infested ships traveling to foreign ports.
